Higher energetic density, better resistance to thermal stresses, and smaller starting times as compared with conventional planar stacks, make the so-called microtubular SOFC (mT-SOFCs with diameters in the millimeter size region) devices suitable for portable applications in the sub kilowatt energy range. However, fabrication of mT-SOFCs is a challenging process, where a number of ceramic layers with different compositions and characteristics have to be placed together in the cylindrical device. Several co-sintering processes have to be performed at different temperatures and using distinct atmospheres to complete cell fabrication. In this review, we summarize recent activity in the field of fabrication and characterization of mT-SOFCs, including the use of mT-SOFCs for steam electrolysis.
INTRODUCTION
High temperature ceramic solid oxide fuel cells (SOFCs) are well-known electrochemical devices that directly convert, in a very efficient way, the chemical energy of hydrogen-enriched fuels, including hydrocarbons, into electricity and heat power Cooley, 2009) . They are promising energy conversion devices due to their fuel flexibility, good electricity generation efficiency, and high efficiency for total power generation.
These devices have been proposed for different stationary, mobile, and military applications (Singhal, 2002) . In SOFCs, heat losses can be used to heat the system, thus increasing total energy efficiency. Moreover, SOFC devices are silent, clean, and efficient. They can also be a part of a distributed generation network, significantly reducing electricity transmission losses.
Solid oxide fuel cells are also foreseen for high temperature steam electrolysis (HTSE) devices or solid oxide electrolysis cells (SOECs) (Laguna-Bercero, 2012) . SOEC operation was first reported in the 1980s by Doenitz and Erdle (1985) and by Isenberg (1981) . In the meantime, a rapidly increasing interest in these systems has developed. The reason is that HTSEs need less electric energy demand than low temperature electrolysis devices because a part of the total energy can be supplied by the heat resulting from system losses or by waste heat from other power sources. In addition to steam electrolysis, SOEC devices have also been proposed for different applications (Graves et al., 2011) . In particular, Martínez-Frias et al. (2003) described a natural gas-steam assisted electrolyzer (NGASE) . As in the case of SOFCs, the chemical flexibility of SOEC is a pluspoint for applications. Steam and CO 2 co-electrolysis to produce syngas using nuclear or renewable electricity and waste heat is a promising way of reusing CO 2 in the energy cycle (Fu et al., 2010; Jensen et al., 2010) .
Solid oxide fuel cell technology is based on ceramic electrolytes made of oxygen ion conductors or proton conductors. Conventional SOFCs consist of an anode made of a Ni-YSZ (Yttria Stabilized Zirconia) porous cermet, an YSZ electrolyte and a lanthanum strontium manganite, La 1−x Sr x MnO 3 (LSM) cathode. They are manufactured in planar or tubular geometries, and the structural cell component can be any of the electrodes or the YSZ electrolyte itself. In general, these SOFCs are large devices used for stationary applications that present long start-up and shutdown times, as well as extremely low thermal shock resistance. The relatively thick electrolyte, especially when the electrolyte acts as the support (>100 µm), leads to operation temperatures above 900°C.
Nowadays, research in SOFCs seeks to reduce the SOFC operating temperature down to 500-750°C (intermediate temperature solid oxide fuel cells, ITSOFC) to avoid many of the inconveniences related to a high operation temperature. The relevant parameter here is the electrolyte electrical resistance R elect or, more specifically, the area specific resistance (ASR) that should be as small as possible, ≈0.1 Ω cm 2 . R elect depends on the material ionic conductivity σ i (Ω −1 cm −1 ) and on the electrolyte thickness. Thin film SOFCs with 100 nm thick YSZ electrolyte have been reported to be operative at temperatures as low as 350°C with an output power density of 400 mW cm −2 at 400°C (Huang et al., 2007) . Another innovative design is to use self-supporting electrolyte membranes prepared by laser machining. In this approach, a laser beam is used to machine the surface of a sintered electrolyte membrane to produce thin areas (<10 µm), but maintaining a thicker support surrounding area to ensure the structural strength of the membrane. Thus, intermediate temperature electrolyte-supported cells can be prepared (Larrea et al., 2011) .
Another strategy is to look for better ionic conductors than YSZ, for example, scandia and ceria stabilized zirconia (10Sc1CeSZ), doped gallates (La 0.9 Sr 0.1 Ga 0.8 Mg 0.2 O 3−δ , LSGM), and doped ceria Gd 0.2 Ce 0.8 O 2−δ (GDC) electrolytes have been used for ITSOFC manufacturing. New chemical systems, some of them presenting much higher ionic conductivity than YSZ, have been explored for SOFC electrolytes, as described in a recent review by Orera and Slater (2010) . However, manufacture of gas-tight electrolyte layers with good mechanical and chemical stability is still the unsolved problem for the applicability of these new electrolyte materials.
In the case of the electrodes, the aim is to reduce the overpotential associated to the chemical reactions taking place at the electrode-electrolyte interfaces. The relevant parameters describing electrode performance are oxygen diffusivity and the surface exchange coefficient, together with the electrical conductivity. Doped manganites, LSM, are thermo-chemically stable materials at the sintering temperatures, but present low diffusivity and surface exchange values. As a consequence, conventional SOFC cathodes are made of LSM/YSZ mixed porous composites. The oxygen reduction reactions take place at the so-called triplephase boundaries (TPB), where the ionic conductor, electronic conductor, and pores meet. In addition, the activity of conventional cathodes decreases when the operation temperature is lowered; thus, the overpotential at the oxygen electrode is high at low temperatures, and different cathode materials have to be used for low temperature operation (Shao and Haile, 2004) . The most frequently used cathodes for low temperature SOFC are mixed ionic electronic conductors (MIEC) with perovskite crystal structure such as the La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3−δ (LSCF) cobaltferrite (Tai et al., 1995; Wang and Mogensen, 2005; Tiez et al., 2006) . However, LSCF cannot be heated at T > 800°C in contact with YSZ because it reacts producing zirconate insulating phases. Protective thin layers, generally GDC layers, have to be inserted between the YSZ electrolyte and the cathode to prevent such reactions. In addition to the favorable situation derived from low temperature operation, it is worth noting that reducing the operation temperature is detrimental to the direct use of hydrocarbon fuels. The internal fuel reforming is not active below 700°C and external heated reformers will be necessary in this case.
The most frequently used anode material is the porous Ni/YSZ cermet (Zhu and Deevi, 2003) . Conventional anode compositions are 50/50 Ni/YSZ with >40 vol% open porosity. This material shows a good performance in the whole temperature range, but when used with hydrocarbon fuels, carbon deposition in the Ni catalyzer is detrimental for cell operation. Steam has to be added to the fuel to induce a water-gas reaction to avoid the problem. Copper and ceria catalyzers also seem to improve the anode performance when carbon fuels are used (Atkinson et al., 2004) . Another matter of concern with Ni anodes is their relatively high intolerance to sulfur impurities Yang et al., 2009) and their poor resistance to re-oxidation events when fuel flow is accidentally interrupted (Pihlatie et al., 2009) . Moreover, the elevated cost of current SOFC devices and poor cell durability (Yokokawa et al., 2008) are the fundamental issues limiting the general application of this technology.
As for cell geometries, the tendency in SOFC design is to facilitate weight reduction and to increase resistance to thermal cycles.
As a result, new lightweight SOFC configurations are emerging for applications in mobile systems (Lang et al., 2008) , for example, the application of SOFCs as auxiliary power units (APU) up to powers of 5 kW is foreseen (Lamp et al., 2003) . Among the different SOFC geometries proposed for portable applications, the microtubular SOFC (mT-SOFC), first developed by Kendall (1993) is probably the preferred configuration. mT-SOFCs are defined as tubular cells with diameters in the millimeter range. The first generation of mT-SOFCs was electrolyte-supported on thin YSZ tubes (100-200 µm) produced by extrusion (Kendall, 1992) . Details of this initial development of mT-SOFCs were recently collected by Kendall (2010) .
Development of electrode-supported mT-SOFCs allows fabrication of a thin electrolyte layer, thus lowering the cell operation temperature (Sammes et al., 2005) . As volumetric power density (VPD) scales with the inverse of the tube radius, small tubular SOFCs reaches VPD values around 2.5 W cm −3 , higher than those of large diameter tubular SOFC and planar SOFCs . Another advantage of mT configuration derives from the low mechanical constraints of the tubular geometry, when compared with planar cells. As a result, an exclusive characteristic of mT-SOFCs is the rapid start-up time (Kendall and Sales, 1994) . In fact, Bujalski et al. (2007) demonstrated that individual YSZsupported mT-SOFCs could be switched on in <1 min, stacks will need much longer start-up times. In a recent paper, Kendall and Meadowcroft (2013) discussed the benefits of reducing tube diameter, both in fast cell thermal response and in the increase of cell mechanical strength. They conclude that even though reducing cell diameter dramatically increases cell strength and makes cell start-up times much smaller, thermal inertia and other balance of plant (BoP) problems related with stack management are now the limiting aspects which remain unsolved for mobile applications.
Efforts are being made to overcome the difficulties found for mT-SOFC use Kanawka et al., 2011; Wang et al., 2011; de la Torre et al., 2013) and interest in mT-SOFCs has risen over recent years, as indicated by the increase of scientific contributions in this area. However, there are only a few review papers devoted to mT-SOFCs. Here, we would like to point out those of Lawlor et al. (2009 and the very recent and comprehensive paper by Lawlor (2013) . Recently, mT-SOFCs have also been proposed for high temperature solid oxide electrolyzers (Hashimoto et al., 2009 ) and a reversible FC-HTSE behavior has been reported (Laguna-Bercero et al., 2010 .
Some basic studies of mT-SOFCs related, for example, to the influence of microstructure on fuel cell performance (Suzuki et al., 2009) , mechanical strength (Sammes and Du, 2003) , operation under hydrocarbon fuels (Buchinger et al., 2006; Dhir and Kendall, 2008; Calise et al., 2011) , resistance to anode redox-cycling Monzón and Laguna-Bercero, 2012) , and thermal cycling (Sarkar et al., 2007; Du et al., 2008) , have also been reported. Recent advances in mT-SOFC technology include development of hollow fibers (HF) (Othman et al., 2011a) , metalsupported cells (Suzuki et al., 2011a) , infiltrated cells (Torabi et al., 2012) , and stack modeling and design (García-Camprubí and Fueyo, 2010; Watanabe et al., 2012b) .
Nevertheless, there are a few companies, summarized in In the present review, we will focus on mT-SOFCs cell manufacturing methods and recent advances in cell performance, both in SOFC and SOEC operation modes.
BASICS OF CELL OPERATION
As an illustrative example, we are going to describe the behavior of a Ni-YSZ/YSZ/LSM-YSZ mT-cell operated at 950°C in the reversible FC and SOEC mode (Laguna-Bercero et al., 2011b) . In Figure 1 we represent the current density-voltage (j-V ) measured at 950°C fueled with 120 ml min −1 humidified pure hydrogen (3% H 2 O). The polarization curve was carried out down to 0.6 V, 600 mW cm −2 , which correspond to a small 7% fuel utilization value (U f ). U f is defined as the ratio between the spent fuel flow versus the inlet fuel flow. In SOEC mode, the curve has been recorded up to −0.4 mA cm −2 (1.55 V). Analysis of the polarization contributions to the j-V curve in FC mode operation can be made using the model given by Kim et al. (1999) for anode-supported YSZ-based cells. The current dependent voltage is given by:
( 1) E 0 is the Nernst potential, which depends on temperature and gas partial pressures, F = 96485.3 C mol −1 is the Faraday constant, and R = 8.3145 J mol −1 K −1 is the gas constant. a and b parameters describe the activation polarization in the high current limit (Tafel limit). Electrode activity depends on material properties, microstructure, gas partial pressure, current density, and electrode microstructure. For anode-supported cells, the anode-limiting current, j as , is the limiting parameter defining concentration polarization. j as is defined as the current density at which all the fuel has been starved and its partial pressure is zero. j as , which should be as high as possible, is directly proportional to the effective anode diffusivity (D a ) and inversely proportional to the anode thickness. Anode gas permeability increases with pore volume fraction, V ap , and decreases with the tortuosity factor, τ a , and anode thickness. Both volume fraction and tortuosity factor are parameters that depend on anode microstructure.
Comparison of the measured voltage in open circuit, OCV, and the Nernst potential is an excellent test of the electrolyte gastightness and electronic leaks. In fact, when there is no electronic current leak through electrolyte, the measured OCV should be equal to E 0 :
where U 0 (T ) is the standard voltage and the logarithmic term stands for the equilibrium constant of the oxidation reaction. If there is an electronic current leak I = j L , OCV = V 0 − j L RT, OCV drops, and there is water production at the anode side,
It is interesting to note that in a tubular cell there is a variation in gas concentration along the tube axis associated to the parallel flow of fuel and air. In anode-supported tubes, variable concentrations of fuel and water are found, with the former being higher at the inlet and the latter being higher at the outlet. For high values of fuel utilization, the cell potential may change significantly along the tube axis.
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Fitting the experimental j-V data of Figure 1 to Eq. 3, the four parameters R i , a, b, and j as can be obtained (see Table 2 ) for both FC and SOEC modes. The ohmic resistance R i includes ionic electrolyte resistance as well as other ohmic contributions from electrodes, current collectors, and interfaces. In FC mode, the total resistance values are slightly higher than those around 0.1 Ω cm 2 obtained in the best planar SOFCs at this temperature, but also similar to those of other microtubular and SOEC cells (Serincan et al., 2009 ). The fitting value of j as = 2 A cm −2 for the saturation current is about two times smaller than typical SOFCs values (Kim et al., 1999) . For SOEC operation, the most striking feature is the very low value of the limiting current and the increase of ohmic resistance. Both effects can be related to the low steam concentration used in the experiment represented in Figure 1 , which produces gas diffusion limitation. The increase in the R i is a clear indication that important contributions to the ohmic resistance values come from electrode reactions. Note that for the used steam concentration, a current density of 0.4 A cm −2 corresponds, in this case, to a steam-to-hydrogen conversion rate of around 85%. As we have seen, there are several trade-off situations between the parameters described above that hinder cell performance. For example, good cell performance implies low ohmic resistances. Thus, thin electrolyte layers are preferred but we also have to pay attention to electrolyte gas-tightness. Furthermore, current pathways along current collectors can significantly contribute to the ohmic resistance, and they should be as short as possible. Low electrode polarization means a wise choice of the materials involved, in particular, cathode materials whose activity is highly dependent on temperature. Reactants and product diffusion contribute to electrode polarization. Nevertheless, increasing pore volume to improve diffusivity hampers both the mechanical performance and the electronic resistance of electrodes. Furthermore, in order to increase the specific surface area of the catalyzer, we should search for the smaller catalyzer particles, but finer microstructure may give rise to an increase in the tortuosity then deteriorating gas diffusivity. All these factors have to be taken into account when mT-SOFCs are fabricated.
CELL FABRICATION
Usually, mT-SOFCs have diameters <10 mm. One of the cell components is used as structural material to support the rest of the component layers. Consequently, mT-SOFCs can be electrolyte-, anode-, or cathode-supported. The cells are fabricated using the typical materials of SOFC technology (Wincewicz and Cooper, 2005; Menzler and Tietz, 2010) . Typical materials for the electrolyte are fluorites (YSZ, GDC, and SDC), perovskites (LSGM), or apatites (LSO and LGO). As for anodes, the most frequently used materials are cermets, where the metallic part is typically nickel and the ceramic component is generally the same material as the electrolyte. Finally, LSM, LSCF, LSC (La 0.8 Sr 0.2 CoO 3 ), or LSF (La 0.8 Sr 0.2 FeO 3 ) are the most frequently used cathode materials. All the acronyms are summarized in Table 3 , including other most-used additives in mT-SOFC fabrication, with the electrochemical performance of these materials being critical for cell design and operation conditions. For example, pioneering work on mT-SOFCs was performed on cells supported on YSZ tubes. These electrolyte-supported cells benefit from the outstanding thermomechanical performance of YSZ which is also a relatively cheap material, extensively used by the car industry as a part of combustion gas sensors. As YSZ is not a particularly good ionic conductor, a relatively thick electrolyte forces us to operate YSZ-supported cells at temperatures of 900°C and above. This is not the case for electrode-supported cells, where thin electrolyte layers of about 10 µm can be obtained. Anodesupported cells are preferred to cathode-supported cells because the anode materials are much cheaper than cathode materials. The most frequently used SOFC anode is the porous cermet composite of electrolyte and Ni. Higher porosity and lower tortuosity means better gas permeation values. However, high values of pore volume and low values of tortuosity have to be harmonized with mechanical integrity and good resistance to thermal variations. In terms of the total pore volume, gas permeability starts to increase above the percolation limit of 30%, reaching a saturation value at about 50%. A volumetric pore volume around 40%, giving a permeability of about 10 −4 mol m −2 s Pa, can ensure a reasonable value for a good anode (Campana et al., 2008) . For anode supports, the optimal tortuosity can be between 1 and 20 . For example, standard Ni/YSZ anodes are made of a 50/50 volume of Ni/YSZ of solid phase with about 40 vol% open porosity. In order to determine the amount of pore former in the green tube, it is worth remembering that nickel is introduced in the form of NiO. Its subsequent reduction to Ni induces an extra porosity of about 20%.
In addition, the anode has to be a good electronic conductor, which implies Ni particle concentrations well above the percolation threshold. Catalyzer particles should be as small and disperse as possible but resistant to coarsening under operation. The YSZ scaffold helps to keep coarsening under control. A good strategy is to build a double anode consisting of a thick support with coarser microstructure and high gas permeation values in contact with the fuel channel. On this support, a thin anode layer of a few microns in thickness is built. The microstructure of this functional layer is denser and smaller to improve catalytic activity. The electrolyte and cathode layers are deposited on the anode and co-sintered to obtain the ultimate ceramic body. Co-sintering is a delicate process in which all the ceramic components have to match their contractions to avoid cracking or delamination. This is particularly critical in the case of small tubes because of a higher surface area and high curvatures. It is worse in the present case where electrode-supported cells with a dense uncracked thin electrolyte layer have to be produced. In any case, it might be favorable that the outer layer undergoes densification at a slightly lower temperature than the support. Tailoring the density of the green bodies and adjusting sintering temperatures are necessary to get this matching. For example, dilatometer experiments were performed on a NiO/YSZ composite and on YSZ samples of different grain sizes to adjust sintering conditions . In fine-grained YSZ, sintering takes place at lower temperatures than in coarser-grained YSZ, but this might not be favorable in terms of contraction matching with the anode.
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FABRICATION OF SUPPORT TUBES
mT anode supports are usually fabricated by either extrusion or cold isostatic pressing (CIP) of NiO, YSZ, and pore former powders, but new ceramic processing technologies such as gel casting or the phase inversion method are being incorporated into the field.
Cold isostatic pressing
Cold isostatic pressing is a method of compacting powders into green bodies and near-net shaped in a pressure vessel. The ceramic powder, which has been previously conditioned for the appropriate grain size and shape, is sealed in a flexible mold formed as in the end product, using a ceramic or metallic rod core in the case of tubes. High pressure is then applied up to 400 MPa for few minutes. The demolded green body presents a high and uniform density, resulting in simpler handling and easier machining. As an example in Figure 2 we give the steps for the fabrication of a NiO/YSZ anode tube. The first step consists of powder conditioning to obtain powder grain sizes to a maximum size of about 1-2 µm. Commercial powders may need to be ball milled for this purpose. The components are mixed in the right proportions and after adding pore former and binder (see Table 3 for a listing of the most common pore formers and binders), the powders are introduced into the mold and pressed at RT. The CIP technique is simple, uses small amounts of products, and is relatively quick. It is more appropriate for laboratory scale experiments, for optimization of the final product or for exploring new materials. However, it is difficult to reproduce the shape, size, and other characteristics of the green body exactly, and it is not easily scalable, thus not appropriate for high production rates.
Extrusion
This is about the most frequently used technique for mT production (Du and Sammes, 2004; Lee et al., 2008; Dikwal et al., 2009) . As an example, for the fabrication of support tubes by extrusion process, a powder mix of NiO (Hart Materials) and YSZ (Tosoh) powders and corn starch as pore former is used. The binder is polypropylene (supplied by Repsol YPF), paraffin wax (Panreac), and stearic acid (Panreac). Final composition of the anode is Ni:YSZ ratio of 50:50 (in % volume of solid phase), with porosity close to 50%. The feedstock was compounded in a Haake Rheocord 252 mixer with a pair of roller rotor blades at 170°C and 40 rpm .
Anode tubes were extruded using a single screw extruder (Haake Polylab) with a home-designed extrusion die connected to the extruder (Jardiel et al., 2009) . The ceramic slurry with the plasticizer incorporated is pushed or drawn through a die with the desired annular cross-section at the temperature when the plasticizer induces the easy slipping of the suspension. The suspension is then extruded into an external coagulation bath. The tubes present an excellent surface finish and can be produced on an industrial scale (see Figure 3) . The most crucial issue is that of the suspension stability with a solid charge as high as possible to induce large density values of the green tube. Critical extrusion parameters are the screw speed and the temperature profile to obtain a self-sustaining plastic rod. Co-extrusion is a novel procedure for www.frontiersin.org dual layer production, usually anode and electrolyte, which is performed using a dual die. After sintering, the quality of the interface obtained in this case is superior (Othman et al., 2011a) .
Gel casting
This is a wet technique, which allows shaping of tubes and a fine control of nanometer-sized powders and pore formers avoiding grain agglomeration. The technique involves the preparation of suspensions with polyacrylic acid (PAA) as dispersant, an organic polymer (acrylamide, AM) and a crosslinker [N,N -methylenebisacrylamide (MBAM)]. After adding the initiator [(NH4) 2 S 2 O 8 , APS] and catalyst [N,N,N ,Ntetramethylethylenediamine (TEMED)], gel is cast into the mold, then dried under controlled humidity and sintered (Dong et al., 2007; Morales et al., 2012) .
Hollow fibers
This is quite a novel and economical design for mT-SOFCs, fabricated using HF supports. The membranes are prepared by an immersion-induced inversion method. The main difference with fibers produced by extrusion is that the HF technique provides good control of the microstructure of the tube that can, for example, be graded from the outside to inside surfaces. In this way, a low porosity anode functional layer can be placed near the electrolyte (outside), whereas a high porosity layer is placed inside, close to the fuel channel. The fibers are very thin, <1 mm in diameter and with a wall of 200 µm in thickness, thereby increasing the specific surface area of the electrodes and increasing the VPD. Details of the preparation of anode HFs can be seen in a recent report (Droushiotis et al., 2009 ). This technique can also be used to produce dual layers of anode and electrolyte (Othman et al., 2011b) . A scheme demonstrating the fabrication process is shown in Figure 4 . The overall view (a) and the microstructure of a GDC/NiO-GDC dual layer HF (b) is also shown in this figure.
ELECTROLYTE AND CATHODE FABRICATION
Prior to electrolyte and cathode thin layer deposition, a dilatometry test has to be performed in order to determine the best co-sintering conditions. Then, a suspension for the electrode deposition is prepared with TZ-8YS powders in an isopropanol ethanol azeotropic mixture, using polyvinyl butyral (PVB) as binder and Beycostat as dispersant agent. For a conventional anode-supported mT-SOFC, the electrolyte is deposited by wet power spraying coating (WPS) or dip-coating. Furthermore, the anode and electrolyte are co-sintered in an air atmosphere. For YSZ-based cells, co-sintering is performed at 1400-1450°C.
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Cathode deposition
Then, typical oxygen electrodes such as LSCF or LSM are deposited by dip-coating and sintered at 1150°C in air. In some cases, reactivity between the cathode material and electrolyte, for example, in the case of LSCF and YSZ at sintering temperatures, requires the use of barrier layers, in this case made of a GDC thin film. Wet deposition techniques start with the preparation of the solutions. In general, improving the sintering process requires highly reactive layers made of small-sized particles. On the other hand, highly reactive particles tend to produce agglomerates leading to porous sintered bodies. To overcome this problem, concentrated and stable colloidal suspensions have to be produced. This can be achieved by manipulating the interparticle forces by the use of dispersants. An example of the study of the colloidal stability of GDC powder suspensions prepared for barrier layer fabrication can be found in reference (López-Robledo et al., 2013) .
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In the case of WPS, the suspension is sprayed over the tube by a computer-controlled aerograph. The thickness of the coating is adjusted by controlling the deposition rate and the solution density. Evaporation of the solvents leaves a thin layer of coating. In the case of dip-coating, the substrate is immersed in the solution of the coating material at constant speed, it remains inside the solution for a while and is then pulled out at constant speed. The speed of withdrawal determines the thickness of the coating. As in the case of WPS, evaporation of the solvents leads to the deposition of the green thin film. Thicknesses of 5-10 µ/dip are usually achieved.
INFILTRATION TECHNIQUES
Infiltration of porous electrodes with precursor metal salt solutions (nitrates), and further calcination is a useful technique for incorporating very fine and well dispersed metal catalyst particles in mT-SOFC anodes. In addition, incorporation of some oxide nanoparticles to the electrode porous structure may also increase the cell performance (Vohs and Gorte, 2009) . This is the case of infiltration with GDC nanoparticles that results in increases in output power by a factor of 2, as has been described in conventional Ni-YSZ/YSZ/LSM mT-cells when both anode and cathode are infiltrated with GDC nanoparticles. Power densities as high as 1100 and 770 mW cm −2 have been reported for GDC infiltrated mT-cells fueled with wet H 2 and CH 4 , respectively (Zhang et al., 2009) .
Using infiltration techniques, we can also decrease or even eliminate some of the problems encountered when we use conventional co-sintering techniques for cell fabrication. These problems are more frequently observed during the fabrication of the cathode layer and are produced from the chemical instability of the catalyzer or from the reactivity of the catalyzer with other cell components at the firing temperature. As an example of the advantages of the infiltration over the conventional co-sintering fabrication procedures, we report on the case of nickelate cathodes. These compounds are unstable at high temperatures and difficult to use in SOFC fabricated by conventional sintering processes. It has been reported recently that infiltration of nickelate salt precursors followed by calcination avoids high temperature sintering of the nickelate phase with the electrolyte and, as a consequence, prevents their reaction. Figure 5 shows the microstructure of a Nd-nickelate/YSZ composite cathode fabricated by this procedure (Laguna-Bercero et al., 2014). As can be seen, one of the advantages of infiltration is the increased length of TPB compared with the standard cathode, due to the smaller size of the catalyzer particles.
Using infiltration techniques, it is possible to fabricate mT-cells made of a single monolith, for example, of an YSZ scaffold. In that case, a tube consisting of a more or less symmetrical sequence of porous-dense-porous YSZ layers can be fabricated. The YSZ body is the support for infiltration of anode and cathode materials in the inner and outer porous layers. The method used for the fabrication of these cells has been developed at the University of Alberta (Torabi and Etsell, 2013) . This technique secures good interfaces between electrolyte and electrodes, although the main problem remains in the control of the infiltration process for correct catalyzer incorporation. 
mT-SOFC PERFORMANCE AND DURABILITY
In Table 4 we summarize the characteristics and performances of some of the mT-SOFCs fabricated in different groups. As can be seen, most realizations are on anode-supported cells, as they include advantages in terms of the low temperature operation, price, and performance. However, anode-supported cells encompass some problems in terms of durability and resistance to accidental oxidation processes.
In fact, durability and reliability are crucial aspects for SOFC application and depend on the thermo-chemical and thermomechanical compatibility of the cell materials, which also depend on cell processing. Yokokawa et al. (2008) reviewed the fundamental mechanisms behind SOFC durability. In the case of anode-supported cells for portable applications, the dimensional changes associated with redox-cycling are of critical concern for the integrity of the cell (Sarantaridis and Atkinson, 2007) . Kendall and Dikwal (2009) performed several cycling studies of anode-supported mT-SOFC (Ni/YSZ-YSZ-LSM/YSZ from Adaptive Materials Inc.), including rapid thermal and redox-cycling studies . They observed an initial drop of about 1% over the first 40 h of operation, and estimated a long-term degradation of <5%/1000 h. Du et al. (2008) also studied the thermal stability of portable mT-SOFCs and stacks. They demonstrated 0% power degradation against thermal cycling for single cells, and also 0% power degradation under load for a period of 1000 h for the stack, assuring that the devices (developed at NanoDynamics Energy) are suitable for portable applications (see Figure 6) . Almutairi et al. (2012) also performed durability studies of different tubes from the integrated-planar solid oxide fuel cell (IP-SOFC) of Rolls Royce Fuel Cell Systems Ltd. The experiments were performed for more than 1200 h at a constant current of 1 A at 900°C. They found an average voltage degradation rate of around 1.5%/1000 h. Recently, a long-term stability study of an anode-supported NiO/YSZ-YSZ-LSM/YSZ microtubular cell has been reported. An initial galvanometric test was performed at 766°C with a density current of 200 mA cm −2 . At this temperature, the cell power output at 0.5 V is about 250 mW cm −2 and the ohmic resistance 0.32 Ω cm −2 . After an initial period of 325 h, the cell performance remains unchanged. Then, the cell temperature was raised to 873°C, and the current density was increased to 500 mA cm −2 for an additional period of 329 h. The cell power output at 0.5 V was about 600 mW cm −2 , and the ohmic resistance was 0.185 Ω cm −2 . Several partial re-oxidation events due to disturbances in fuel supply occurred at this stage, but no apparent degradation of the microtubular cell was observed. On the contrary, a small overall increase in the cell output power of about 4%/1000 h after 654 h of fuel cell operation under current load was obtained (Laguna-Bercero et al., 2013) .
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mT-SOEC PERFORMANCE
Initial SOEC experiments using mT-SOFC cells were performed by Toshiba Co. Ltd. (Matsunaga et al., 2006 YSZ-based microtubular cells in SOEC mode under high voltages (>1.8 V) produces irreversible degradation of the electrolyte, caused by YSZ electroreduction of the thin electrolyte (LagunaBercero et al., 2010 (LagunaBercero et al., , 2011a . Finally, studied the IT-SOEC range with a Ni-ScSZ/ScSZ/GDC/LSCF cell. They obtained reasonable performances at 650°C (1.32 V at −0.57 A cm −2 ). Additional SOEC results using mT-SOFCs can be found in the following references (Kato et al., 2009; Jin et al., 2011; Shao et al., 2013) . As for planar configuration, HTSE using mT-SOC is still an immature technology. Although the understanding of the structure and electrochemistry of the materials is essential to ensure the durability of future mT devices, the concept of mT-cells for HTSE has been demonstrated and the technology has huge potential.
FINAL REMARKS AND CONCLUSION
The use of hydrogen as an energy carrier requires the implementation of hydrogen infrastructures comprising hydrogen storage and transport. In the meantime, high temperature operating SOFCs may fill the gap as they may use hydrocarbons as a fuel. In general, SOFCs are large and heavy devices which will be mainly used for static applications. On the other hand, mT-SOFCs come into view as an appealing alternative to planar and conventional tubular cells, specifically for low power applications. In general,
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mT-SOFCs are relatively easy and low-cost to manufacture. In addition, sealing of individual cells can be performed outside the hot cell area, which greatly simplifies cell testing under operation conditions. This makes mT-SOFCs to be a suitable test laboratory for exploratory studies of new SOFC components. However, there are still some problems to be solved prior to full application of this technology. As for all the SOFC systems, cell operation temperatures lower than the current 800°C are considered necessary. Lowering cell temperature requires implementation not only of new and better ionic conducting materials for electrolytes but also of better cathodes to decrease the electrode overpotentials. In addition, these new materials have to resist the manufacturing processes, being thermally and chemically stable in the presence of the other cell components. Liquid hydrocarbon fuels are optimum for portable applications. However, carbon production at the fuel electrode deteriorates catalyzer activity. Moreover, there are some critical aspects of this cell geometry that should be taken into account. Current collection is challenging in this geometry due to the large distance that electrons must cover from reaction areas to electrical terminals. As metal resistance increases with temperature, high ohmic resistance associated with long current collector metal wires weaken the electrical performance of mT stacks. On the other hand, mass transport limitations inside the narrow tube hinder fuel feeding and product evacuation.
For all these reasons, searching for new SOFC materials and for the improvement of stacks is a very active field of research worldwide. Moreover, HTSE have also opened a novel research area for mT-SOFC devices, including the investigation of other applications such as CO 2 electrolysis and coelectrolysis of CO 2 and steam. These applications could be of great interest for small scale production of fuel gases in remote locations.
Nevertheless, stack fabrication using mT-SOFCs still demands improving some technical aspects such as the fuel utilization rate and the ohmic losses associated to electrical collection and gas management. New and original device designs are being explored to solve these problems.
In this paper, we give some tutorial information about fabrication, properties, and applications, which may be helpful for those researchers interested in entering the field. The state of the art in mT-research, including the most recent findings, is also reviewed and referred to. Easy fabrication and low-cost investment needed to produce mT-SOFC cells may also be motivating for researchers working in the field of the chemistry of materials, and who are interested in testing these materials under SOFC and SOEC operating conditions using these microtubular devices.
